Abbreviations: Heading date (HD); Plant height (PH); Grain yield (GY); Grain protein yield (GPY); Thousand kernel weight (TKW); Test weight (TW); Grain protein content (PC); Dry gluten (GC) content.
Introduction
Wheat production in many areas of Mediterranean basin is particularly dependent on synthetic nitrogen fertilizers because the use of animal manure is very limited, many of the soils are naturally low in levels of soil organic matter and there are few legumes present in the main wheat rotations that could supply symbiotically fixed nitrogen (López-Bellido et al., 2000; Masri and John Ryan, 2006; Rodriquez et al., 2006) . Therefore, continuous wheat and wheat-fallow systems in South Europe are facing challenges from environmental and economic perspectives, especially with higher than normal fertilizer nitrogen costs and relatively low wheat prices.
This situation could be made more severe for wheats species by increased interest on low-input/organic farming characterised by reduced use of pesticides and chemical fertilizers in order to realize sustainable crop production which Bio- can easily integrate in the common agricultural policy. The fast growing market for organic products has created a much more favourable situation for research in the selection and/or plant breeding of crop cultivars which are suitable for sustainable and organic production systems. Therefore, diversified cropping systems are being studied that are profitable, and improve, or maintain soil fertility. It is expected that the main goals for cereal breeding dedicated to low-input and organic farming will be encountered by: i) ability to suppress weeds, longer straw; ii) stability of yield and quality under different conditions (nutrient uptake efficiency, resistance to abiotic stress factors) and iii) high quality and stability of quality characteristics under extensive conditions (van Lammerts Bueren et al., 2002; Mason and Spaner, 2006) . Emmer (Triticum turgidum L. subsp. dicoccum Schrank, 2n = 4X = 28; genomes AABB) and Spelt (Triticum aestivum L. subsp. spelta, 2n = 6X = 42; genomes AABBDD) hulled wheats were the main cereal crops in the Mediterranean basin during the Roman period (Damania et al., 1992; Nesbitt and Samuel 1995) , progressively replaced with hulless durum (T. turgidum subsp. durum Desf., genomes AABB) and bread (T. aestivum L. subsp. aestivum L., genomes AABBDD) wheat.
Hulled wheats, often, are grown in marginal hill and mountain areas (up to 1500 meters above sea level) in organic farms, especially in Italy, where they are considered suitable crops for sustainable farming systems (Castagna et al., 1996) . Despite a number of defects as plant height, low grain yield and low pasta-and bread-making quality, spelt and emmer have been recovered in modern times thanks to their adaptability to poor soils and unfavourable climatic conditions (Perrino and Hammer, 1984; Pisante et al., 1996) .
During the last decade field evaluations of germplasm collections have been carried out to assess variation in agronomic (Damania et al., 1992; Troccoli et al., 1997; Laghetti et al., 1999; Troccoli and Codianni, 2005) and quality traits (Galterio et al., 1994; Cubadda and Marconi 1995; Galletti et al., 1996) . Storage protein markers have also been used to assess the level of variability within and between populations and to identify components associated with bread-and pasta-making quality (Ranhotra et al., 1995; Galterio et al., 1998; Galterio et al., 2000; Galterio et al., 2001; Marconi et al., 2002; Piergiovanni and Volpe, 2003; Degaonkar et al., 2005) .
Breeding programs aimed to improve yield stability and quality traits lead to several new emmer and spelt cultivars (Fares et al., 2000; Galterio et al., 2001 ) characterized by the introgression of some durum or bread traits into emmer or spelt genotypes while preserving the morphological, functional and botanical characteristics of emmer and spelt (Galterio et al., 2000; Fares et al., 2001; Galterio et al., 2003; De Vita et al., 2006) .
An important question is whether these new genotypes possess the right combinations of characteristics, e.g. stable and acceptable yield and good quality when grown under different growing conditions. Such efforts are also consistent with the 'organic plant breeding' aiming to develop cultivars for organic agriculture (van Lammerts Bueren et al., 2003) .
This study aimed to evaluate the agronomic performance of selected advanced breeding lines bred under conventional and low-input/organic growing conditions to identify the suitable genotypes for organic farming in Mediterranean environments.
Materials and methods

Genetic materials
The genetic materials evaluated in the experiments were the result of a specific breeding program developed at the CRA Centro di ricerca per la cerealicoltura aiming to select emmer and spelt genotypes with superior performances in low-input and organic farming systems (Fares et al., 2000; Galterio et al., 2001 ). The evaluated genotypes included both progenitors and F 8 advanced lines for a total of 14 wheat accessions representing two levels of ploidy as indicated in Table 1 .
Agronomic management
The trials have been carried out during the 2003-2004 growing season in three different locations (Foggia, Catania and Rome) representative for the main cereals growing areas in Italy (Tab. 2). Foggia and Catania are characterized by Mediterranean climatic conditions, while in Rome the climate is temperate. Two different levels of agronomic inputs were applied in a randomized complete block design with three replications and 10 m 2 plots: i) low-input cropping system and ii) conventional cropping system. In the low-input system, 40 Kg ha -1 of nitrogen (N) organic fertilizer (nitrification inhibitors) were applied in one rate at the sowing date in Foggia accordingly to the standard practices adopted by organic farmers in the region, while at Catania and Rome any fertilizing treatment was performed considering sufficient the nitrogen residue from the previous crop. In the (Troccoli and Codianni, 2005) . In table 3 the agronomic practices adopted in the field trials are reported. Daily maximum and minimum temperatures and rainfall were recorded at the meteorological station beside the experimental fields ( Fig. 1 ).
Observed traits
The genetic materials were characterized for morphological and qualitative traits. The following traits were observed: 1. Heading date (HD, days after 1 th April): it was recorded when about half of the culms showed emerging spikes (growth stage 55, Zadoks et al., 1974) . 2. Plant height (PH, cm): it was measured in all plots, during the milk-waxy ripening, corresponding to maximum plant height. 3. Grain yield (GY, t ha -1 ): the weight of hulled grain mechanically harvested from a plot trial. 4. Grain protein yield (GPY, t ha -1 ): determined as grain protein content x grain yield/100. 5. Thousand kernel weight (TKW, g): it was calculated as the mean weight of three sets of 100 grains per plot. 6. Test weight (TW, kg hl -1 ): defined as the weight of a given volume of seeds was measured on a 250 g sample by means of a Shopper chondrometer equipped with a 1/4 litre container. Each measure was made in duplicate. 7. Grain protein content (PC, % N x 5.70): it was determined on duplicate samples according to UNI 10274 and expressed on dry weight basis. 8. Dry gluten (GC) was determined in triplicate on flour and semolina according to approved methods UNI 10689. For the determination of dry gluten, wet gluten was dried with Glutorx 2020 at 150°C for 5 minutes and left to cool for 3 minutes.
Statistical analysis
Statistical analysis was conducted for each parameter by analysis of variance (ANOVA) in a factorial design separately for hexaploid and tetraploid wheat species. Least significant difference (LSD) values were calculated at the 5% probability level using Mstat-C version 2.00 software (Michigan State University, MI, USA). The slope of the genotype regression on environment mean yield and protein content (Finlay and Wilkinson, 1963) were calculated.
Results
Weather
As expected, rainfall was concentrated from the end of autumn to the beginning of spring ( ing and maturity to proceed without water stress. At Foggia the rain was less abundant during stem elongation. Tables 4 and 5 summarized the mean square of each factor and their interactions for all traits evaluated in the study. Considering the main factor all traits showed statistically significant variations with the exception of HD, PH and TKW for the cropping system factor. Almost all the first order interactions were statistically significant with the exception of HD and TW for the hexaploid accessions and PH for the tetraploid ones. Finally, among the cropping system (CS) x location (L) x genotype (G) only the HD and the PH traits showed a lack of significance. Although it is true that the interactions were mostly statistically significant, it is also true that they were of relatively little biological importance. For instance, regarding yield as the main attribute (but this is true for most of the attributes considered) the mean square (MS) of G was far greater than the MS of the interactions. This might be interpreted as a primary evidence that the interaction, although statistically significant, might not represent major changes in cultivar rankings for most attributes.
General effects of genotype, cropping system and location
Since the key objective of this study was to assess the performances of selected breeding lines respect to their parents, we analyzed in details the main effects of G (breeding effects) on the average of all 6 environments (2 agronomic treatments x 3 locations), as the general trend would be rather similar, then some considerations on the interactions will be added.
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Genotype effects within tetraploid and hexaploid wheats
Considering the tetraploid genotypes, yield was lower in the old emmer genotypes (2.32 and 2.54 t ha -1 for Umbria and Molise respectively) whereas modern cultivars (Ofanto and Simeto durum wheat) and advanced breeding lines were more productive. In particular, Davide (4.07 t ha -1 ), Mosè (3.95 t ha -1 ) and Simeto (3.87 t ha-1) showed the best yield considering the mean performance in both low-and high-input trials.
Similar differences were registered for HD among the evaluated genotypes (Tab. 6). The results showed a significant reduction of the vegetative period for all selected breeding lines compared to the old progenitors (22.5 vs. 37.2 days from 1 th April, respectively). The selective pressure was less evident for PH, although the mean values for this trait showed a certain reduction and variability among the emmer breeding lines.
The effects of the selection was also evident for TW, TKW, PC, GPY and GC (Tab. 6). For all these traits, the mean values of the advanced breeding lines were quite similar to the values recorded for durum cultivars and higher than the corresponding values recorded for the old populations. Particularly evident was the difference between the PC of advanced emmer lines and parental cultivars (14.5% vs. 12.8% and 12.9% for advanced emmer lines, durum cultivars and old populations, respectively). Overall, the new hulled wheat genotypes were best performing for yield, protein and gluten contents and the emmer cultivar Davide could be considered the most interesting tetraploid for all tested parameters.
Regarding the hexaploid accessions, the grain yield of the tested genotypes ranged from 2.59 t ha -1 (Altgold Rotkorn) to 4.36 t ha -1 (advanced spelt line B1030) (Tab. 7). Mean grain yield values were higher for the modern bread cultivars and advanced spelt lines than in the old cultivar. Similar differences were registered for all the agro-morphological traits evaluated (Tab. 7). The HD for the advanced spelt lines was middle (31.7 days from 1 th April) compared to the two parents (from 47.8 to 24.3 days from 1 th April for old spelt and bread cultivar, respectively). Regarding the PH the differences between the old progenitor (Altgold Rotkorn) and the advanced spelt lines, although statistically significant, did not show substantial reduction in PH.
The mean values of the advanced spelt lines for quality-related traits were quite similar to the values of the bread cultivar Bolero and higher than the corresponding values of Altgold Rotkorn. Particularly evident was the difference between the PC of the two advanced spelt lines and the same trait of the parents (14.9% vs. 13.7% and 12.8% for advanced spelt lines, Bolero and Altgold Rotkorn, respectively). ); TKW = thousand kernel weight (g); PC = protein content (%); GPY = grain protein yield (t ha -1 ); GC = gluten content (g); ns: not significant; level of statistical significance: *P < 0.1; **P < 0.01; ***P < 0.001. ); TKW = thousand kernel weight (g); PC = protein content (%); GPY = grain protein yield (t ha -1 ); GC = gluten content (g); LSD = least significant difference.
Cropping system effects
Thanks to favourable climatic conditions, the GY values were high in both conventional and low-input trials, nevertheless the conventional cropping system yielded significantly more than the low-input cropping system (3.84 t ha -1 vs. 2.90 t ha -1 and 4.30 t ha -1 vs. 3.29 t ha -1 for tetraploid and hexaploid, respectively Tab. 6 and 7). Furthermore, the experimental data also showed that the use of conventional growing techniques positively affected PC, GC and GPY for both tetraploid and hexaploid accessions (Tab. 6 and 7).
Location x cropping system interaction effects
The mean values of the L x CS interaction are shown in table 4 and 5. GY mean values in lowinput conditions were lower than in conventional cropping system in all locations (Tab. 8).
A big gap was evident in the trials of Catania where the difference between low-input and conventional cropping system was twofold (2.06 vs. 4.12 t ha -1 ), a result also due to a delayed sowing of the low-input trial (Tab. 3).
The PC mean values reported in table 8 show that the fertilization applied at sowing in Foggia (40 N kg ha -1 ) had significantly affected the grain protein content compared to Rome and Catania where in the low-input trials any nitrogen fertilizer was applied (13.4% of Foggia vs. 12.6 and 12.9% of Rome and Catania, respectively), the previous crop was a leguminous for all three locations. In conventional cropping system the PC was higher than in low-input one in all locations. This was greater in Catania and Foggia (15.9 and 15.2% compared to 12.9 and 13.4% for Catania and Foggia, respectively) as indirect consequence of the high temperatures occurred during the grain filling stage which is known to have a concentration effect on kernels (Spiertz, 1977) . A similar trend was observed for GC and GPY, while the lowest values for PC and GC were recorded at Rome in both cropping systems.
CS x L x G interaction
By comparing the accessions over 6 environments (2 agronomic treatments x 3 locations) a three-ways interaction for grain yield and protein content was detected (Tab. 2). To assess the ability of the different genotypes to exploit the soil fertility, the accessions were grouped into three classes corresponding to the three main groups indicated in Table 1 . The relationship between the average grain yield of each class of genotypes and the trials mean grain yield (environmental index) is shown, for each environment, in Figure 2 . Durum and bread cultivars and advanced emmer and spelt lines outyielded old spelt cultivar and old emmer populations in all conditions, furthermore, the wheat cultivars and the advanced spelt and emmer lines also showed a higher slope after linear regression analysis, indicating that they were better responsive to increased environmental fertility (Fig. 2) . For instance, the slopes corresponding to the old group of emmer and spelt accessions were 0.52 and 0.63 respectively, while that of the advanced lines were 1.05 and 0.99 for emmer and spelt, respectively, these values were similar to those of the modern parents. The new ge- ); TKW = thousand kernel weight (g); PC = protein content (%); GPY = grain protein yield (t ha netic materials are therefore characterized by a higher responsiveness to improved environmental conditions. Regarding the grain protein content the performances were even more profitable for the advanced lines (Fig. 2) . In fact the new genetic materials showed better values for protein content than both parents in each of the 6 environments.
Discussion
A central problem with low-input/organic farming is the low nitrogen supply because nitrogen is one of the most important yield limiting factor and an essential component for grain protein (Bloom, 1997; Nass et al., 2003; L-Baeckstrom et al., 2004) . Characteristics such as the capacity to assimilate and relocate nitrogen with high efficiency and tolerance to low-input conditions became determinant for the choice of cereal species and cultivars for sustainable agriculture (Köpke, 2005; Hoad et al., 2005) .
Several investigations suggested a superior grain protein content in emmer and spelt than in the corresponding hulless species (durum and bread wheat) (Winzeler and Rüegger, 1990; Galterio et al., 1994; Cubadda and Marconi, 1995) even if this trait is often associated with poor gluten quality (Galterio et al., 1998; Wieser, 2000; Marconi et al., 2002) . In addition, spelt and emmer possess a unique flavour, a higher vitamin content and are more nutritious than wheat (Campbell, 1997) .
The emmer and spelt cultivars/advanced breeding lines tested in this work have been obtained by crossing emmer and spelt old genotypes (cultivars or populations) with modern cultivars of durum or bread wheat with the aim to improve the yield potential and the quality values of the hulled wheat. During the selection process attention was given to the preservation of key morphological and functional traits of emmer and spelt species such as the tough glumes that tightly enclose the grains giving good protection to the stored grains against pests (Nesbitt and Samuel, 1995) and the good adaptability to poor environments. GY was the main selection criterion and the best selected lines were characterized by a yield potential equal to that of the modern durum and bread wheat. In this study a significant genotype by location interaction was observed for GY, nevertheless this results did not lead to a change in genotype/group ranking. Therefore, the analysis was safely based on the across locations average performance. Modern cultivars/advanced lines yielded more than landraces or old cultivars of about 1-1.5 t ha -1 (Tab. 6 and 7). The data reported in figure 2 indicated that the old genotypes have a high yield stability, but at a very low level in both low-input and conventional cropping systems. Yield stability includes both biological and agronomical components (Becker, 1981; Becker and Leon, 1988) . The biological component refers to those genetic traits that confer minimum total variance across different environments. In contrast, a genotype is conventionally considered agronomically stable if it positively responds to high agronomic inputs that may enhance productivity. From this point of view and consistent with our results, the selected emmer and spelt lines/cultivars studied in this work are characterized by a higher agronomic stability. Table 6 and 7 show the results of the selective pressure imposed by the breeders to adjust the plant phenology (HD) of the modern lines/cultivars to southern Italian conditions, where early maturity permits drought escape. The effects of selection for PH was less evident although the differences among the accessions evaluated were significant. PH might be an important characteristic for organic farming since tall plants showed a higher competitiveness against weeds (without lodging effects due to low nitrogen availability). Indeed, the difference in PH between the new emmer and spelt cultivars/advanced breeding lines and their hulled parents was limited with mean PH values above 100 cm (Tab. 5 and 6).
The genotypes selected from emmer and spelt breeding programs showed a marked improvement in PC, GC and GPY also when compared to durum and bread cultivars confirming that the special capability of hulled wheat to store large amounts of grain proteins (Galterio et al., 1994) was saved during selection of the new genotypes with a remarkable effect on GPY.
It is noteworthy that in low-input cropping system the adoption of the new emmer and spelt genotypes allowed to achieve a high PC that can easily satisfy the requirements of the industry. Beside yield potential, the TW was substantially enhanced by the selection with an effect more evident in emmer than in spelt probably because of the higher difference existing between tetraploid parents than between the hexaploid ones. TKW was also positively affected by the selection process as also previously reported by Fares et al. (2000) and Galterio et al. (2001) .
Conclusions
The results of this study showed encouraging agronomic performances of new emmer and spelt genotypes under conventional and low-input cropping systems. The new genotypes are characterized by a yield potential similar to that of the modern wheat cultivar as well as by a PC higher than old emmer and spelt accessions. These results confirmed that it is possible to improve hulled wheat by introgressing useful traits from hulless wheat without loose the adaptability to low input conditions and the quality traits which represent the typical features of emmer and spelt.
